An experimental study was conducted to investigate the use of a dynamic burst control plate to suppress stall on a NACA 0012 airfoil by preventing the bursting of the low Reynolds number leading edge separation bubble. Pressure measurements, force measurements, and particle image velocimetry (PIV) data show the ability of the dynamic burst control plate to reattach the leading edge separation bubble to the surface at higher angles of attack than a stationary burst control plate and increase the lift performance of the airfoil. = direction aligned with the flow originated at the burst control plate leading edge y = direction perpendicular to x originated at the model leading edge y' = direction perpendicular to x' originated at the burst control plate leading edge
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I. Introduction
ow Reynolds number airfoil aerodynamics has been an area of great interest as micro aerial vehicles (MAV) have been seen as a very useful next generation of unmanned aerial vehicle (UAV). The extremely small size of these vehicles along with slow airspeeds places them in the low Reynolds number regime of 10 4 -10 5 . 1 For flows of Reynolds number at this scale and smaller, the physics are very different than those of higher Reynolds number flows that traditional manned aircraft experience. One of the predominant characteristics for this flow regime is the forming of a separation bubble near the leading edge of an airfoil at higher angles of attack.
Many studies have been performend on the airfoil aerodynamics at low Reynolds numbers along with the correlation between the laminar boundary layer flow separation and the chord Reynolds number as shown in Tani  1 ,  Carmichael  2 , Lissaman  3 , Mueller   4 , and Gad-el-Hak 5 . According to Lissaman 3 , a separation bubble occurs when the boundary layer detaches from the surface of the airfoil and then reattaches further downstream as a turbulent boundary layer. The bubble size is predominantly influenced by the Reynolds number of the flow. Initially, a separation bubble can be relatively short, but any small disturbance such as an increase of the angle of attack can cause the bubble to burst and cover much of the upper surface of an airfoil causing a sudden stall and loss of performance. Flow measuresments of the laminar separation bubble have been performed using different techniques including pointwise measurements using laser Doppler velocimetry [6] [7] [8] and spatially resolved measurements such as PIV [9] [10] [11] [12] .
Rinoie et al. 13 suggested the use of a bubble burst control plate for the suppression of an airfoil stall. Their study found that by attaching a stationary small plate near the leading edge of a low Reynolds number airfoil could suppress stall and increase the lift performance by preventing the small separation bubble from bursting and forming a large separation bubble and eventually stall the wing. This paper extends on the work of Rinoie et al. 13 by performing a preliminary investigation on the effects of a dynamic burst control plate on stall suppression and increased airfoil performance at low Reynolds numbers.
II. Experimental Setup
This experimental study was conducted in the Bill James open-circuit wind tunnel located in the Aerospace Engineering Department of Iowa State University. The tunnel is capable of wind speeds up to 180 mph and has a test section that is 3 feet wide by 2.5 feet tall (914 by 762 mm). There are 13 screens located at the inlet of the tunnel followed by a 22:1 contraction ratio that help ensure laminar flow.
The model tested was a straight, non-twisted wing with a NACA 0012 airfoil profile. The chord was c = 300 mm and the span b = 585 mm which resulted in an aspect ratio AR ~ 2. The incoming air velocity was 7 m/s which resulted in a chord Reynolds number Re c = 1.3 x 10
5
. End plates were attached to each span wise end of the model in order to reduce effects from the wind tunnel walls and any other three dimensional flow effects. An aluminum tube was installed through the half-chord of the model and was used for mounting the model in the center, both vertically and horizontally, of the test section. The model was rotated about this tube through an angle of attack, α, of 0 o to 18 o . In following the optimal bubble burst control plate sizing of Rinoie et al. 13 for a stationary burst control plate, an aluminum burst plate was located between x/c = 0.05 and x/c = 0.075 yielding a plate width w p = 7.5 mm for the current model. Unlike Rinoie et al. 13 , the current model's burst control plate is hinged at the leading edge of the plate so that it remains at the surface of the airfoil profile and allows the trailing edge to rotate from no deflection (standard NACA 0012 airfoil shape) to a nominal height of h p = 0.005c (1.5 mm) as shown in Fig. 1 . An electric motor with an elliptical cam shaft is mounted within the interior of the model to actuate the burst control plate. A spring is attached to the solid burst control plate in the interior of the model in order to keep it in contact with the cam. The elliptical shape of the cam produces a sinusoidal-like displacement.
Surface pressure data was collected at a total of 48 locations along the upper and lower surfaces. Electrical pressure transducers (DSA3217) were used to sample the pressure data at a rate of 400.6 Hz over a 30 second interval and were then averaged. Force measurements were also taken to verify the pressure data. Two JR3 30E12 multi-axis force/torque sensors were secured to the model to collect the force data. This data was obtained at a rate of 500 Hz over a time interval of 30 seconds and was then time averaged.
The experimental set-up is shown in Fig. 2 where the burst control plate model is mounted inverted to allow easy set-up of the laser for PIV data to be taken. A single CCD camera was used at a time for taking the 2D PIV images. Initial experiments used a 1392 x 1040 resolution CCD camera (PixelFly, Cooke Corp). Phase locked experiments used a 2048 x 2048 resolution CCD camera (PCO 2000, Cooke Corp). The flow was seeded with 1~5 micron oil droplets while illumination was provided by a double-pulsed Nd:YAG laser (NewWave Research Solo) adjusted on the second harmonic and emitting two laser pulses at a wavelength of 532 nm at a repetition rate of 4-10 Hz. The laser sheet was created by passing the laser beam through a set of spherical and cylindrical lenses and aligned with a mirror. The laser sheet was positioned near the center span of the model and had a thickness of approximately 2 mm. The triggering of the laser and camera was controlled via a digital delay generator (Berkeley Nucleonics, Model 565). Preliminarily, five different test conditions were tested in which pressure, force, and both wide and zoomed view PIV data were taken. A 'smooth' case which represents the standard NACA 0012 airfoil profile, i.e. no deflection of the burst control plate, used as a control as the model is not a perfect NACA 0012 profile near the burst control plate, a 'stationary' case that has the burst control plate held in the maximum deflection position, and three dynamic cases in which the plate was actuated at 30, 60, and 120 Hz. A laser tachometer was used to measure the speed of the motor and thus, in turn, the frequency at which the burst control plate was actuated. Due to instabilities on the load of the motor, the frequencies varied +/-6 Hz of their nominal value. Although initial testing of the burst control plate yielded full deflection response (no deflection up to full deflection), testing within the wind tunnel did not have the burst control plate returning to the no deflection position, instead it vibrated about a slightly deflected position.
A 'phase-locked' case was then tested at a vibration frequency of 20 Hz for an angle of attack of 13 o . A second digital delay generator was combined with the PIV system to trigger the data acquisition based on the position of the burst control plate. As the plate was not vibrating at the exact frequency of the motor, an extension was attached to the burst control plate, next to the far end plate, which would magnify the moment arm and allow the laser tachometer to be triggered when the plate was fully deflected. The laser tachometer then sent a trigger to the added delay generator which would then add a predetermined delay before triggering the PIV system in order to obtain images at eight different positions of the burst plate. These eight positions, or phases that are 45 o apart with the minimal deflection (Φ=0 o ), three equally spaced phase angles up to full deflection (Φ=180 o ), and then three phase angles until returning to minimal deflection. A frequency of 20 Hz was tested as it provided a larger change in burst control plate deflection height and reached a more stable vibrational frequency in comparison to the higher frequencies. Pressure data was also collected at this lower frequency and verified that the forces produced matched those found at the higher frequencies for this angle of attack.
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III. Experimental Results and Discussion

A. Pressure Distributions
Pressure distribution plots are shown in Fig. 3 
B. Lift Characteristics
The lift characteristics are presented in lift coefficient (C l ) versus angle of attack (α) curves shown in Fig. 4  & 5 . Figure 4 was calculated from the integration of the pressure distribution while Fig. 5 was calculated from the force measurements which include three-dimensional effects. The two methods agree well for the "smooth" case and for the increased effectiveness of a dynamic burst control plate at delaying stall and providing more lift over the 'smooth' and 'stationary' cases. However, the force measurement results provide a much smoother stall region than that of the pressure measurement results.
Unlike Rinoie et al. 13 , the 'stationary' case does not show much improvement in the maximum lift coefficient obtained over the standard airfoil, and neither does it delay the stall angle as much. These differences can be accounted in that the 'smooth' case that is used as the reference case in this study has slight perturbations from the standard NACA 0012 airfoil near the burst control plate which can act as a trip and turbulate the boundary layer. For this reason, the exact lift performance increase of the dynamic burst control plate can not be compared to the standard NACA 0012 airfoil, but can only be compared to a stationary dynamic burst control plate. 
C. Ensemble Average PIV Data
The ensemble average PIV data is provided in the following three figures. Figure 6 shows contours of the ensemble average normalized velocity magnitude (|V|) for the largest field of data recorded. This figure serves simply as evidence of suppression of stall by the addition of dynamically operating the burst control plate over the use of a stationary burst control plate which has a large separation zone. Large differences in the velocities near and far from the airfoil surface along with reflections that could not be removedc in the captured images for these cases also cause these contours only to be used as basic evidence and that a more zoomed in view must be used for further examination. The coordinate system has changed from x/c which is centered about the leading edge of the airfoil to x'/c which is centered about the front of the burst control plate for the zoomed in cases.) From these contours, it can be clearly seen that the boundary layer separates ahead of the burst control plate and forms a shear layer for the stationary case while it reattaches just beyond the burst control plate in the dynamic case.
To help understand the means in which the shear layer created by the leading edge separation bubble reattaches to the airfoil surface, contours of the normalized turbulent kinetic energy (T.K.E) are shown in Fig. 8 . It is evident in both cases that there is an area of strong T.K.E surrounding the burst control plate, but in the dynamic case, there is a much stronger portion just ahead of the plate. This stronger area of T.K.E. seems responsible for a thinning of the shear layer and adding energy to cause reattachment. 
D. Phase Average PIV Data
The phase average results from the PIV data were difficult to interpret what changes were happening in the flow. To assist in gaining a better understanding of the flow differences between each phase, an ensemble average velocity contour was obtained from a non-phase locked case and was subtracted from each phases' average velocity contour to obtain the phase average induced velocity as well as the phase average induced vorticity. The normalized induced vorticity (ω ) at which point it changes direction and starts decreasing in deflection with an increasing phase angle until it reaches the minimum displacement point again.
It can be seen from the normalized induced vorticity contours that at the maximum deflection position (Fig. 9e) , the induced vorticity along the shear layer is the highest allowing for a strong reattachment. In comparison to the rest of the phases, this phase, where the plate transitions from ascending to descending, seems to be the dominant mechanism in the reattachment process. Although there is some correlation in the flow pattern from phase to phase, there is a lot of noise within these contours. This noise could possibly be due to instability within the phase lock due to the vibrational frequency varying and errors in accurate triggering of the PIV system.
IV. Conclusion
An experimental investigation was performed on the performance of a dynamic burst control plate compared to a stationary burst control plate. It was found that the vibration added to the burst control plate increases the turbulent kinetic energy in the vicinity of it and forces the shear layer to reattach to the airfoil surface. Phase averaged results of the induced vorticity possibly indicate that the transition between the upstroke and down stroke of the burst control plate is the leading force in creating the additional turbulence needed to reattach the shear layer to the airfoil surface.
